Abstract-This study presents a stochastic model for the independent system operator's (ISO's) optimal coordinated long-term maintenance scheduling of generation units and transmission lines with short-term security-constrained unit commitment (SCUC). Random disturbances of power systems including forced outages of generation units and transmission lines, load forecast errors, and fuel price fluctuations are modeled as scenario trees using the Monte Carlo simulation. Lagrangian relaxation (LR) is applied to separate the coordinated optimization problem into long-term equipment maintenance (LTEM) and stochastic long-term SCUC (LTSCUC) subproblems. For the stochastic LTSCUC subproblem, scenario bundle constraints are relaxed via LR and the optimization problem is decomposed into deterministic LTSCUC problems. LR is applied to each deterministic LTSCUC to relax long-term fuel and emission limits and decompose the problem into shortterm SCUC subproblems. The decomposition is further applied to short-term SCUC subproblems for separating hourly unit commitment and transmission network constraints. The unit commitment is formulated as a mixed-integer programming (MIP) problem and solved by the branch-and-cut method using CPLEX. The outcome of this study includes the hourly scheduling of outages of generation units and transmission lines, which corresponds to the optimal generation unit commitment and dispatch, and transmission flows. The hourly schedules minimize the total cost of operation and maintenance and satisfy long-term and short-term constraints of generation units and transmission network with the inclusion of power system uncertainty. A modified IEEE 118-bus system is used to exhibit the effectiveness of the proposed scheduling approach.
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ESTRUCTURED power systems signify generation and transmission participants that are unbundled as self-interested entities which are also responsible for their maintenance outage scheduling in a competitive environment. In such environments, generation companies (GENCOs) submit their maintenance plans and constraints to the independent system operator (ISO) including maintenance time windows, available maintenance resources, and generation price offers. Transmission companies (TRANSCOs) also submit their respective maintenance plans and constraints to the ISO. The ISO is responsible for the optimal coordination of maintenance for generation units and transmission lines which would ensure the security of power systems and maximize the social welfare [1] - [3] .
The study in [4] - [7] focused on generation and transmission maintenance and their coordination. However, the subject of transmission security in restructured power systems was not considered. Furthermore, random outages of power systems were not included when maximizing planned outages in long-term operation planning studies.
Our proposed coordinated long-term generation and transmission maintenance scheduling intends to coordinate generation and transmission outage scheduling with short-term security-constrained generation scheduling. Random outages of generators and transmission lines, load forecast errors, and fuel price fluctuations are considered which could influence the optimal maintenance outage scheduling. Such a detailed security-constrained maintenance scheduling approach provides a wider range of options for managing short-term economics. Mathematically, the proposed problem is a stochastic, large-scale mixed-integer optimization problem and we introduce an effective decomposition and coordination strategy for its solution. The Lagrangian relaxation (LR) technique is applied to decompose such a stochastic and large mixed-integer programming (MIP) problem into tractable small-scale subproblems.
The proposed stochastic model could be applied to a vertically integrated utility. Here we consider fuel and emission constraints when scheduling the long-term operation of a utility. The same model can be utilized by centralized energy markets with ISOs. Here a combination of fuel and emission constraints used by traditional utilities, which is a quadratic function of power generation, represents the energy constraint for a GENCO. That is, GENCOs submit energy limits which indicate that the sum of daily generation for individual units, or the entire GENCO, would not exceed a prescribed level. The energy constraint is utilized by security-constrained unit commitment (SCUC) which is a market clearing tool in the day-ahead energy market.
The attributes of the proposed stochastic model, for the coordination of long-term generation and transmission maintenance schedules with the short-term SCUC, are presented in the following:
1) Coordination of generation maintenance with transmission maintenance. We introduce a binary variable for representing the transmission line status and adopt an optimization technique that applies to both generation and transmission maintenance scheduling. 2) LR is used to decompose the original stochastic problem into long-term equipment maintenance (LTEM) and long-term SCUC (LTSCUC) with fuel and emission subproblems, with unit commitment and transmission line status as coordinating (coupling) variables. The LTEM and LTSCUC subproblems are solved individually and violations are identified. Lagrangian multipliers are updated iteratively for subproblems until the stopping criterion is met. 3) Random outages of generators and transmission lines, load forecast errors, and fuel price fluctuations are simulated by the Monte Carlo method when solving the LTSCUC subproblem. The uncertainty could influence the maintenance schedule when updating Lagrangian multipliers. The scenario-based technique is used to solve the stochastic LTSCUC subproblem. Scenario reduction is adopted when solving the stochastic LTSCUC as a tradeoff between computation time and solution accuracy. The LR method is adapted to relax bundle constraints and a modified surrogate subgradient method is used for a faster convergence. 4) The chronological load profile is considered in the LTEM scheduling and its coordination with the short-term SCUC. The rest of the paper is organized as follows. Section II describes the proposed model and its solution methodology. Section III presents the detailed formulation of maintenance and generation scheduling subproblems. The coordination and solutions methodologies are presented in Section IV. Section V presents and discusses a modified IEEE 118-bus system with 54 units and 91 loads. The conclusion is drawn in Section VI.
II. STOCHASTIC MODEL DESCRIPTION
In this paper, we analyze the optimal maintenance scheduling of a vertically integrated utility. The same methodology would also apply to restructured power systems. The utility's objective is to minimize the hourly cost of security-constrained short-term operation and long-term maintenance.
In applying (1) to a vertically integrated utility, the first two terms represent the cost of maintenance for generation and transmission equipment respectively. The remaining terms represent the production cost. We could consider a variable hourly maintenance cost coefficients ( and ) for each equipment. If the proposed model is used in restructured power systems, GENCOs and TRANSCOs would be independently responsible for generation and transmission maintenance, no equipment maintenance cost will appear in (1), and and would be zero. The ISO would use the objective (1) to schedule equipment maintenance outages based on a GENCO's or a TRANSCO's preferred maintenance schedule. Accordingly, and will be zero during the most preferred periods for maintenance of the corresponding equipment in order to increase the chance of maintenance during such periods:
(1) Such objectives may not be easily realized by a one-step optimization technique due to the enormity of the maintenance scheduling problem. Thus, we schedule the long-term equipment maintenance and the short-term unit commitment problems separately, which are based on the decomposition technique depicted in Figs. 1-3. The distinct features of the proposed model include the way we introduce stochastic variables in the coordinated generation and transmission maintenance problem, handle scenario bundle constraints, and link maintenance and operation schedules. Fig. 1 shows the decomposition strategy of LTEM represented by (2)- (9) and LTSCUC constraints. Coupling constraints (11) , (12) of LTEM and LTSCUC are relaxed using the LR method. LTEM and LTSCUC subproblems are solved individually before the coupling constraints are checked.
If the coupling constraints (11), (12) are not satisfied, Lagrangian multipliers and corresponding to the two constraints are updated and the pseudo price signals are fed back to the subproblems. We introduce as the unit commitment status variable and as the transmission line status variable, so that the transmission line maintenance can be treated the same way as that of generation units. The network security is checked in the deterministic LTSCUC subproblem and the same strategy is used for updating the Lagrangian multiplier and . 2 shows the decomposition strategy of the stochastic LTSCUC for managing the scenario bundle constraints (10) . Scenario bundle constraints are relaxed by the LR method and the deterministic LTSCUC problem (shown in Fig. 3 ) is solved in each scenario. If the LTSCUC results in Fig. 2 do not satisfy the scenario bundle constraints, Lagrangian multipliers are updated and the corresponding pseudo price signals are fed back to scenarios for the next iterative solution. Since the problem is not convex, there is no guarantee that the bundle constraints would be entirely satisfied. Thus, the scenarios consider approximate solutions for fast convergence while maintaining a rel-atively high level of accuracy. The iterative process will stop when the total violation of weighted bundle constraints is below a certain tolerance. A heuristic process is then used to obtain a feasible solution for satisfying the scenario bundle constraints. We use the modified surrogate subgradient method to improve the convergence. The solution details shown in the next section illustrate a tradeoff between the computation speed and the accuracy of solution. Fig. 3 illustrates the decomposition of the deterministic LTSCUC into tractable subproblems. Fuel and emission constraints are relaxed with resource penalty prices represented by Lagrangian multipliers and . Based on the decomposition process, the individual short-term unit commitment problems will be solved without the fuel and emission constraints.
If the results do not satisfy the fuel and emission constraints, the Lagrangian multipliers and are updated and the corresponding penalty resource prices are fed back to solve the short-term subproblems again [8] , [9] .
III. FORMULATION OF SUBPROBLEMS
The LTEM and LTSCUC formulations, constraints, and coordination are summarized as follows.
1) Generation Maintenance Constraints:
Generation maintenance windows: In the following, (2) shows starting and ending times when the maintenance is allowed. Also, (3) represents the total maintenance duration, and (4) shows that each unit could only be maintained once within the maintenance window:
Generation maintenance resources and crew availability: The crew availability would limit the number of units that can be maintained simultaneously. For example, if units 1, 2 and 3 are to be maintained simultaneously, the constraint is represented as . Otherwise, for a single equipment, . If unit 1 is maintained before unit 2,
. While indicates that unit 1 and 2 are to be on maintenance outage simultaneously. We can also represent limited resources for maintenance and crew availability at each location as where is the resource needed for the maintenance of unit and is the total resource quantity available at time for area A. 3) Stochastic LTSCUC Constraints: Short-term SCUC constraints presented in [18] are considered here in addition to
• Reliability constraints: An explicit reserve requirement constraint is not introduced. The optimal reserve requirement is implicitly determined because we add a penalty load shedding item to the objective function and include a LOLE constraint.
• Scenario bundle constraints: Scenario bundle constraints indicate that if two scenarios s and s' are indistinguishable from the beginning to time on the basis of information available at time , then the generator commitment decisions rendered for the two scenarios must be identical from the beginning to time .
represents a part of scenario s from the beginning to time . In the scenario bundle constraints (10), the generator commitment decision rather than the line status is included. The line status is used as a state variable to relate the transmission maintenance decision and SCUC in (12) . Based on (12) , if a line is on maintenance, the line status for all scenarios would be zero; otherwise, would be one. The status of is determined by the optimization of LTSCUC because the line would be utilized in minimizing the operation cost. That is, it would not be necessary to include the line status in the scenario bundle constraints (10): (10) The detailed formulation of LTSCUC constraints can be found in our previous works [20] , [22] . Fig. 1 : Coupling constraints of generator maintenance and unit commitment status (11): (11) Coupling constraints of transmission line maintenance and transmission line status (12): (12) The proposed stochastic model differs from the deterministic one in several respects. First, the objective of the proposed stochastic model is to minimize the expected production cost of all scenarios, whereas the deterministic model would only minimize the production cost of a certain deterministic case. Second, the impact of the variance of uncertain variable on the maintenance schedule is considered. We also incorporate the coupling constraints of generator maintenance and unit commitment status (11) and the coupling constraints of transmission line maintenance and transmission lines status (12) . Furthermore, there are scenario bundle constraints in the stochastic LTSCUC subproblem. Hence, the solution of stochastic model which includes a set of weighted scenarios is not simply the same as solving a deterministic model separately for each scenario.
4) Coupling Constraints for LTEM and LTSCUC in
IV. SOLUTION OF SUBPROBLEMS
A. Coupling Constraints for LTEM and LTSCUC Subproblems
LR is employed to solve the coupling constraints (11), (12) . Once constraints are relaxed and introduced into the LTEM and LTSCUC subproblems via the Lagrangian multipliers and , the modified LTEM and LTSCUC subproblems at iteration are presented in (13) and (14), respectively: S.t. stochastic LTSCUC constraints described in Section III.
After obtaining a solution for generator maintenance , transmission line maintenance , as well as unit commitment and transmission line status , we check the constraints and update the corresponding multipliers and by applying the subgradient method [19] . The Lagrangian iteration continues until a converged solution which would meet the stopping criterion is obtained:
where stands for a Euclidean norm, , , and are step sizes at iteration for updating multipliers of constraints (11), (12) . Usually a constant step size or the one that decreases with iterations such as or would be used, where , , and are pre-defined positive constants. In [23] the bundle method was also proposed to update Lagrangian multipliers in order to improve the updating process.
Concerning the coupling constraints (11), (12) for the LTEM and LTSCUC subproblems, the original problem is non-convex with integer variables. So additional heuristics strategies are applied to derive a feasible solution when a predefined number of Lagrangian iterations or the maximum execution time is reached. In this case, the LTSCUC solution would offer a feasible solution when generation and transmission maintenance schedules are assumed fixed according to their values in the current Lagrangian solution.
B. Stochastic Simulation
We model forced outages of generation units and transmission lines as independent Markov processes, load forecast errors as uniform random variables, and fuel price fluctuations as Ornstein-Uhlenbeck processes. For an ISO model, we could replace the fuel price with bidding prices offered by market participants since the ISO does not deal with fuel prices. The solution process will still be the same as that discussed in this section. We introduce a set of scenarios in the Monte Carlo method for modeling the stochastic conditions. For stochastic programming, we assign a weight to each scenario that reflects the possibility of its occurrence.
A two-state continuous-time Markov chain model is used to represent available and unavailable states of generators and transmission lines. The parameters used for the Monte Carlo simulation are failure and repair rates of each power system component. Using failure and repair rates, forced outages are simulated for a specified time period with the assumption that the power system is at the base case at the beginning of the period. Power system components are assumed independent in our scenario-based simulation and the simultaneous effects of outages are presented in scenario trees. For the simulation of load forecast errors, we divide the entire scheduling horizon into several time intervals. For each time interval we create additional scenarios based on historical data. The probabilities are assigned to hourly load quantities according to the likelihood of their occurrence. The proposed scenarios in each time interval reflect the representative days/hours chosen for each week/season.
The proposed approach makes it easy for a maintenance scheduler to include the relevant data of a certain week/season after assigning a suitable weight to each load scenario. It is desirable that one could shift the maintenance schedule to periods with higher fuel prices for mitigating higher operation cost associated with maintenance outages. We employ the Ornstein-Uhlenbeck process to simulate random fluctuations in fuel price [20] , [21] . According to Fig. 4 , we generate a set of scenarios, each representing possible fluctuations in fuel price, load forecast errors, as well as the availability of generation units and transmission lines.
In the proposed model, we use a low-discrepancy Monte Carlo method, Latin hypercube, to generate a set of scenarios. Weights for all scenarios in the initial scenario catalog generated by the Monte Carlo method are the same. Scenario reduction is adapted for a tradeoff between solution accuracy and computation speed, because computation requirements for solving scenario-based optimization models would depend on the number of scenarios [13] , [14] . Here we use the following criterion for the stochastic LTSCUC subproblem while taking into account the solution accuracy: (15) The results are assumed to be reasonably accurate when the estimated standard deviation of LOLE, , is less than the predefined boundary .
C. Scenario Bundle Constraints
The sample scenarios for representing the uncertainty are solved and a good combination of solution outcomes is selected to represent the stochastic solution. The solution outcome would satisfy the constraint that if two scenarios are indistinguishable from the beginning to time on the basis of information available at time , then the decision rendered for two scenarios must be identical from the beginning to time .
The LR method is adopted to relax the scenario bundle constraints. Thus the stochastic problem is divided into several tractable subproblems for each scenario. Once the scenario bundle constraints are relaxed, the LTSCUC subproblem for each scenario is represented as (16) S.t. stochastic LTSCUC constraints described in Section III except scenario bundle constraints.
The target , which is the weighted average of decision, is the same for all scenarios. Let be the th iteration of Lagrangian multiplier corresponding to , ,
. We obtain a new decision by calculating the expected value of as , updating , and continuing the iteration. The iteration is terminated when the total weighted violation of bundle constraints, , is below a certain threshold. Here, denotes the absolute value. In order to accelerate the convergence, the surrogate gradient algorithm is adopted. The process starts by finding a scenario which has the largest weighted violation , updating multipliers, and calculating the scenario only. The detailed steps are given in Appendix A. The optimality conditions for the proposed dual solution via the surrogate subgradient method was provided in [15] , [16] . Here, multipliers move iteratively closer to their global optimal.
In each scenario, the LR algorithm is adopted for the solution of deterministic long-term SCUC problem which deals with fuel and emission constraints. The LR will divide the original problem into several tractable subproblems, i.e., short-term SCUC subproblems based on MIP. The Lagrangian multipliers are penalty price signals which optimize the allocation of fuel consumption and emission allowance based on a hybrid subgradient and Dantzig-Wolfe method [8] , [17] , [18] .
The iteration will be terminated when the total weighted violation of bundle constraints is below a certain threshold. Accordingly, a heuristic process will be used to introduce a feasible solution with respect to the scenario bundle constraints. Here, we find the largest weighted violation and adjust the multiplier corresponding to hour at period of scenario . The subproblem for the period of scenario is solved again and new are computed. The process will be repeated for finding the next maximum violation and terminated within a finite number of iterations.
There are two main LR loops. in (13) and in (16) are the optimal LR function values for the LTEM and LTSCUC subproblems in scenario at the current iteration. The optimal LR function of the stochastic LTSCUC subproblem with the relaxed bundle constraints at the current iteration is calculated by (17) . The sum of optimal LR function values for the maintenance and the stochastic LTSCUC subproblems with relaxed bundle constraints at the current iteration is calculated by (18) . The Lagrangian iterations will continue until the relative difference (duality gap) between (upper bound) and (lower bound) of the optimal solution is within a pre-defined tolerance as stated in (19): (17) (18) (19) Appendix B provides a proof for the validation of stopping criterion. The maximum number of iterations would have to be set since the duality gap could be intrinsic to the non-convex problem and would not be further reduced.
V. CASE STUDIES
A modified IEEE 118-bus system is considered in this section to demonstrate the proposed approach. The intention is to schedule the hourly maintenance, unit commitment, and generation economical dispatch over a 672-h (i.e., four weeks) horizon. The 118-bus system is composed of 54 thermal units, 186 branches, and 91 loads. The test data for the 118-bus system are given in http://motor.ece.iit.edu/data/coop. The annual peak load of the system is 6000 MW and the load trend over the study horizon is shown in Fig. 5 .
For this system, three generators are considered for maintenance, each can be on maintenance at any hour. Only one transmission line L51 is considered for maintenance and a partial maintenance is acceptable. The maximum allowable number of partial maintenances for this line is two. The partial maintenance needs to last at least eight hours with a minimum of eight hours between two consecutive partial maintenances. The concern of this paper is to study the impact of uncertainties, on the coordinated maintenance scheduling of generation units and transmission lines with SCUC. Thus in the case study, emission limits and fuel consumption constraints are relaxed by introducing very large emission and fuel upper limits. The application of LR for relaxing emission and fuel consumption constraints, procedures for obtaining feasible solutions, and the performance of the system was discussed in [9] and [20] .
We study four maintenance cases for a 672-h (four-week) period: Case 1) Uncoordinated maintenance and unit commitment schedules. Case 2) Coordinated generation unit and transmission line maintenance schedule without the consideration of uncertainty. We refer to this case as the expected value problem since expected values are used for load forecast and fuel price. Case 3) Impact of uncertainty on the coordinated schedule. Case 4) Same as Case 3 with a three-day maintenance duration. For the first three cases, the equipment maintenance data listed in Tables I and II are used. In Case 4, the same data as those of Cases 1-3 are used except the maintenance duration is increased to 72 h. These cases are discussed as follows.
Case 1: LTEM and LTSCUC subproblems are not coordinated, so the optimal maintenance schedules are obtained individually for generators and transmission line maintenance subproblems as described in part one and two of Section III. The optimal maintenance schedule is shown in Fig. 6 . The maintenance of units U10, U20, and U34 are scheduled at hours of 289-312, 145-168, and 337-360, respectively. The maintenance of line L51 is scheduled at hours 144-152 and 312-320. Based on the above maintenance schedule, we optimize the hourly unit commitment schedule for 672 h without the consideration of system uncertainty. The total cost is $42 133 556, which includes the generator maintenance cost of $62 400, line maintenance cost of $90 000, and operation cost of $41 981 156. In the uncoordinated case, the unit commitment schedule is not considered in the maintenance problem. If the proposed maintenance schedule is used as input to the unit commitment problem, the commitment may be more expensive or could result in load shedding. For example in Fig. 6 , L51 and U20 are both maintained during hours 145-152. An inefficient utilization of generators and lines at this period could increase the total cost and/or result in load shedding.
Case 2: This case coordinates the equipment maintenance outage and the unit commitment schedule without considering any uncertainty. Table III shows, based on the percentage of time, the units that are committed as base (committed more than 85% of the time in four weeks), intermediate (between 85% and 10% of time), peaking (less than 10% of time), and off units. The optimal maintenance schedule is shown in Fig. 7 , in which much of the maintenance is scheduled near the minimum loading hours for maintaining the power systems reliability and economics. The maintenance of base units U10 and U20 is scheduled at the minimum loading hours of 481-504 and 457-480, respectively. Furthermore, the maintenance of line L51 is at hours 140-157, which shifts the maintenance of peaking unit U34 to the next available minimum loading hours of 289-312. The optimal cost is $40 176 827 which includes the generator maintenance cost of $62 400, line maintenance cost of $90 000, and operation cost of $40 024 427. Compared with the optimal cost of Case 1, a saving of $1 956 729 is achieved due to the simultaneous consideration of LTEM and LTSCUC subproblems.
Case 3: In this case, the power system uncertainty is considered for the coordination of LTEM and LTSCUC problems. At each hour, there are 461 decision variables and 2094 continuous variables. Thus the entire coordinated problem over a 672-h horizon contains 309 792 binary variables and 1 407 168 continuous variables. One hundred scenarios are created using the low-discrepancy Monte Carlo simulation method with each scenario representing forced outages of generation units and transmission lines, load forecast errors, and fuel price fluctuations. The scenario reduction method reduces the total number of scenarios from 100 to 12 as a tradeoff between the calculation speed and the solution accuracy. Table IV shows the scenario weights after reduction. Table V provides the operation cost of each scenario, the expected operation cost, and its variance. In Table V and thereafter, "EXP" is the expected value of all scenarios based on the 95% confidence interval, and the "Relative Error" is calculated as the ratio of 95% confidence interval to the expected value. The results presented in Tables V show that after 90% reduction, relative errors in operation costs are less than 1%.
Table VI compares maintenance cost, operation cost, and total cost for the above three cases. The coordination of LTEM and LTSCUC subproblems has reduced the total cost by $1 956 729 in Case 2 as compared with Case 1. This reduction is due to the coordination of LTEM and LTSCUC subproblems which avoids any unnecessary load shedding or the commitment of peaking units. It also shows that the uncertainty has increased the total operation cost by $861 730 in Case 3 as compared with Case 2. The inclusion of uncertainty would provide a more comprehensive coordination of maintenance outages and hourly unit commitment to satisfy the system security constraints. The optimal maintenance schedule is presented in Fig. 8 . The load forecast in Fig. 8 is the same as that in Fig. 5 . Among the simulated scenarios, the base unit U10 is on forced outage at hours 143-148 in scenario 6, and at hours 153-156 in scenario 10. Thus the optimal maintenance schedule of unit U10 is shifted to hours 145-168, and the maintenance of units U20 and U34 is shifted to hours 481-504 and 289-312, respectively.
Furthermore, the forced outage of transmission line L51 is simulated to be between hours 100-103 in scenario 3. Thus its maintenance outage is scheduled at periods of 97-105 and 126-134. The optimal cost is $41 038 557 which includes the generator maintenance cost of $62 400, the transmission line maintenance cost of $90 000, and the operation cost of $40 886 157.
To further evaluate the advantage of the stochastic model, a new set of scenarios is generated as shown in Table VII . We apply the stochastic problem solution (i.e., solution of Case 3) and the expected value problem solution (i.e., solution of Case 2) to each scenario. Tables VIII and IX show the operation costs for each scenario which are calculated by adopting the stochastic and the deterministic problem solutions of the maintenance and the unit commitment decision variables in each scenario. By comparison, the difference in the expected cost between stochastic and deterministic solutions is $543 397 (i.e., $41 491 977-$40 948 580), which shows the potential operation cost saving for utilizing the stochastic model. By comparison, the upper limit of the expected operation cost for the proposed stochastic solution (i.e., ) is smaller than the lower limit of the expected operation cost of the deterministic decision (i.e., ), which exhibits a potential saving when applying the stochastic model. The scenario costs in Table VIII are not  necessarily smaller than those in Table IX for the deterministic solution. The costs for scenarios 6, 9, and 11 in Table VIII are  higher than those in Table IX . Fig. 9 shows the relationship between maintenance and MCPs calculated by the LTSCUC subproblem in a four-week horizon. The maintenance is likely to be scheduled when MCPs are low. When units are on maintenance, expensive units have to be committed to meet system loads, which will increase certain hourly MCPs. The maintenance carried out at the low MCP periods could mitigate price risks in spot markets.
Figs. 10 and 11 show the iterative LR function values and the number of infeasible relaxed constraints (11) and (12), respectively. Fig. 11 shows that after 58 iterations of LTEM and LTSCUC, there are three violated coupling constraints corresponding to (11) and (12) . We fix the maintenance schedule at iteration 58 and execute the LTSCUC to obtain a feasible and near-optimal solution of $41 038 557. Fig. 10 shows that at iteration 58, the relative difference between ($40 865 834) and ($41 038 557) is 0.423% which satisfies the precision requirement. For the stochastic LTSCUC, we show the convergence of the last stochastic LTSCUC subproblem.
Figs. 12 and 13 show the iterative LR function values of (17) and the weighted violation of bundle constraints, respectively. Fig. 13 shows that after 27 iterations, the total weighted violation of bundle constraints is satisfied with a of $40 731 316. Then, we apply the heuristic process to find a feasible solution with respect to the scenario bundle constraints. This process would require another 15 iterations and the relative difference between ($40 731 316) and ($40 886 157) is 0.380% as shown in Fig. 12 . Case 4: In this case, a three-day maintenance duration is studied. Other assumptions are the same as those of Cases 1-3. Also, the power system uncertainty is modeled in this case. First, we consider the uncoordinated solution for LTEM and LTSCUC. The optimal maintenance schedule is shown in Fig. 14 . The total cost is $42 951 648 which includes the generator maintenance cost of $187 200, the line maintenance cost of $360 000, and the operation cost of $42 404 448. Note that the uncoordinated LTEM and LTSCUC solutions will result in the scheduling of maintenance at periods with higher loads and more expensive operation costs. Next we consider the coordination of LTEM and LTSCUC solutions. The optimal maintenance schedule is shown in Fig. 15 . Thus the optimal maintenance of unit U10 is scheduled at hours 145-216, which do not coincide with the low-load period at hours 121-144, and maintenance of units U20 and U34 is scheduled at hours 457-528 and 288-360, respectively. The total cost is $41 798 521 which includes the generator maintenance cost of $187 200, the line maintenance cost of $360 000, and the operation cost of $41 251 321.
As we compare the coordinated and the uncoordinated results, a saving of $1 153 127 (i.e., 42 951 648 41 798 521) occurs due to the coordination of LTEM and LTSCUC. Furthermore, the inclusion of uncertainty provides a more accurate coordination of maintenance outage and hourly generation unit commitment, satisfies the system security constraints, and makes a more efficient usage of fuel contracts.
The cases are tested on a 2.39-GHz server and the execution time is estimated based on parallel calculations with 12 CPUs. The CPU time of LTSCUC for one scenario is about 4 min, and the number of iterations for scenario bundle constraints is within 27 for the given accuracy. The heuristic process for obtaining a feasible LTSCUC solution requires another 15 iterations and minutes of computation. Thus the total CPU time for one iteration of LTEM and LTSCUC is about 1.9 h , with the parallel processing of LTEM and stochastic LTSCUC subproblems. Notice that only the objective functions are changed in the following iterations, and the solutions obtained at previous iterations are still feasible which can be used as initial solutions in the current iteration. Furthermore, previous Benders cuts can also be used at the current LTSCUC calculation. Such strategies would reduce the computation time. However, these strategies would not be suitable for the last iteration, which is a heuristic process for obtaining the feasibility solution by fixing the LTEM solutions and executing the LTSCUC. In Case 3, the total number of iterations between LTEM and LTSCUC is 58, and the total CPU time is about 57 h. However, if parallel computation is further adopted in each short-term SCUC calculation process, the total CPU time would be reduced to about 4.6 hours. In general, the computation time may not be a major concern since the proposed model is applied to the long-term evaluation. For a complex stochastic mixed-integer linear problem presented in the paper, the proposed decomposition methodology would provide a reliable solution with an acceptable duality gap within a reasonable CPU time.
VI. CONCLUSIONS
Due to random events in power systems, a stochastic problem is proposed in this paper which coordinates LTEM and LTSCUC solutions with fuel and emission constraints. The approach considers the uncertainty in the availability of generation units and transmission lines, load forecast errors, as well as fuel price fluctuations, which are simulated as scenario trees by the Monte Carlo Method. LR is applied to decompose the original problem into maintenance and unit commitment subproblems, multipliers and corresponding to generator and line status coupling constraints are updated and fed back to the maintenance and unit commitment subproblems. The uncertainty is represented in the unit commitment scenarios, and LR is applied to solve the stochastic unit commitment problem with fuel allocation and emission allowance constraints. The solution results for the hourly maintenance and unit commitment subproblems represent the coordination of security, optimal unit commitment, resource allocation, and equipment maintenance in uncertain power systems. Compared with the expected value problem solution, the solution of the proposed stochastic model would provide potential savings in operation costs. The proposed approach can be applied to a vertically integrated utility as well as the ISO's operation in a restructured power system.
APPENDIX A
The process starts by finding a scenario which has the largest weighted violation , updating multipliers, and calculating the scenario only. The steps are as follows:
Step 0: Calculate for each scenario with . Compute .
Step 1: Update multipliers. The multipliers are updated as , where is the step size which satisfies and is the modified surrogate subgradient, which is given by where .
Step 2: Use new multipliers to recalculate the problem, get new solutions for .
Step 3: Check the stopping criteria. If the criterion given by is met, then stop; otherwise, go to Step 1.
APPENDIX B
Proof for Stopping Criterion: The original optimization problem is defined as (B1)
The Lagrangian dual of the primal problem (B1) is written as (B2)
We minimize the following Lagrangian function (B3) at the current iteration which is a lower bound of (B2) (B3) Let be the objective value of a feasible solution of the original problem (B1), which is the upper bound of . Based on the above discussions (B4) (B3) is further decomposed into two subproblems as (B5) and (B6) corresponding to and , respectively:
Based on the discussion in Section IV-C, the Lagrangian dual of (B6) is (B7)
In this paper, we minimize the following Lagrangian function at the current iteration which is the lower bound of (B7): Thus the stopping criterion (B11) is used to terminate the iterative process since the unknown optimal solution is between and :
(B11)
